The experiments to be described are concerned with the relationship between structure and activity in the chromosomes of higher organisms, selecting, in particular, the giant "lampbrush" chromosomes of amphibian o6cytes. Ribonucleic acid synthesis in these chromosomes has already been shown by Gall and Callan' to occur on DNA-containing "loops" which project laterally from many sites along the chromosome axis. In the present paper, this chromosomal RNA synthesis is shown to be DNA-dependent, as judged by its sensitivity to Actinomycin D, and chromosomal structure is found to be intimately related to the capacity to synthesize RNA, as evidenced by changes in "loop" morphology induced by different actinomycins and by other agents, such as histones, which can also inhibit nuclear RNA synthesis.2' I Materials and Methods.-The "lampbrush" chromosomes which appear and increase in size in the course of meiosis seem especially well-suited for studies of chromosome function. At the diplotene stage, they remain enlarged and active for long periods while the o6cyte continues its maturation and growth. Lampbrush chromosomes of the newt, Triturus viridescens, were selected for study because of their great size and characteristic loop morphology, which facilitate observation and autoradiography, and because the intense synthetic activity of the nucleus at this stage in obcyte development allows a measure of chromosome function based on the incorporation of radioactive amino acids into protein and of isotopically labeled purine and pyrimidine compounds into RNA.
Communicated January 31, 1963 The experiments to be described are concerned with the relationship between structure and activity in the chromosomes of higher organisms, selecting, in particular, the giant "lampbrush" chromosomes of amphibian o6cytes. Ribonucleic acid synthesis in these chromosomes has already been shown by Gall and Callan' to occur on DNA-containing "loops" which project laterally from many sites along the chromosome axis. In the present paper, this chromosomal RNA synthesis is shown to be DNA-dependent, as judged by its sensitivity to Actinomycin D, and chromosomal structure is found to be intimately related to the capacity to synthesize RNA, as evidenced by changes in "loop" morphology induced by different actinomycins and by other agents, such as histones, which can also inhibit nuclear RNA synthesis.2' I Materials and Methods.-The "lampbrush" chromosomes which appear and increase in size in the course of meiosis seem especially well-suited for studies of chromosome function. At the diplotene stage, they remain enlarged and active for long periods while the o6cyte continues its maturation and growth. Lampbrush chromosomes of the newt, Triturus viridescens, were selected for study because of their great size and characteristic loop morphology, which facilitate observation and autoradiography, and because the intense synthetic activity of the nucleus at this stage in obcyte development allows a measure of chromosome function based on the incorporation of radioactive amino acids into protein and of isotopically labeled purine and pyrimidine compounds into RNA.
For full accounts of the structure of lampbrush chromosomes, the reader is referred to E. B.
Wilson's text4 and to more recent reviews,5-7 especially to the superb memoir of Callan and Lloyd.8 The essentials of structure relevant to these experiments can be summarized briefly as follows: at this stage in meiosis, each chromosome consists of two homologues of enormous length (400-700 ,12), joined at numerous bridges or chiasmata. A typical view is shown in Figure 1A . Each homologue has hundreds of loops which extend laterally, in pairs, from dense areas (centromeres) on the main chromosomal axis (Fig. 1B) That loop formation is a sign of chromosomal activity is indicated by loop regression after the obcyte reaches its full size, and by autoradiographic evidence that the majority of the loops rapidly incorporate H3 uridine into ribonucleic acid. ' The experiments now to be described indicate that the synthesis of RNA on the chromosomeis mediatedby aDNA "primer," presumably through the activity of an RNA-polymerase similar to those described in other cell types by Weiss1, Hurwitz et 1-8. 9 loops projecting laterally from the main chro-
The effects of the actinomycins on chromosome mosomal axi structure were determined using both intact o6cytes and isolated chromosomes. Actinomycin D and N-fl-aminoethyl-Actinomycin C3 were the generous gift of Dr. Edward Reich of the Rockefeller Institute. In whole egg experiments, these reagents were dissolved in 0.1 Ml NaCl-0.01 M "tris" (HCl) at pH 7.0 and the odcytes exposed for periods ranging from 2 to 12 hr at 200-22°C. After incubation the chromosomes were isolated and photographed. In testing the effects of the actinomycins on free chromosomes, the isolation was first carried out as described above, and the chromosomes were then immersed in a small volume (0.25 ml) of actinomycin solution in a cylindrical well in a microscope slide. After periods ranging from 2 to 90 min, the chromosomes were photographed.
Similar techniques were applied in studying the effects of the histones and of polylysine on chromosome structure. The arginine-rich and lysine-rich histones were prepared from calf thymus by the method of Johns and Butler,'7 with the exception that we began with isolated nuclei rather than whole tissue.
In studies of RNA synthesis, H' uridine (0.9 c/mmol), HI adenosine (2 c/mmol) and HI cytidine (1.5 c/mmol) (Schwartz) were used as markers, and the incorporation was allowed to proceed in isolated o6cytes for 1.5, 3, and 6 hr at 20'-220C. The chromosomes were subsequently isolated for autoradiography. When the actinomycins were tested, the eggs were preincubated for 5 hr at 20°-22°in 0.1 M NaCl-0.01 M "tris" at pH 7.0, containing 10 jg Actinomycin D (or N-3-aminoethyl Actinomycin C3) per ml. After preincubation, the eggs were transferred to an Actinomycin-free medium containing 500,uc/ml H3 uridine. Incubaiion was continued for 6 hr.
Controls were preincubated in the saline-buffer without added actinomycin.
Localization of the isotope in RNA was tested using ribonuclease and deoxyribonuclease. After isolation of the radioactive chromosomes, some were immersed in 0.1 M NaCl-0.01 M "tris," pH 7.6, containing 0.4 mg/ml pancreatic ribonuclease (Worthington) and incubated for 2 hr at 37°. Other chromosomes were tnmated with deoxyribonuclease under the same conditions, or incubated in buffer alone. Following treatment, the chromosomes were prepared for autoradiography.
In studies of DNA synthesis, H' thymidine (6 c/mmol) was injected into whole animals. 300 lMc, dissolved in 0.2 ml 0.1 M NaCl-0.01 M "tris," pH 7.0, was injected into the coelomic cavity.
Five to fifteen days later, oocytes were collected and the chromosomes prepared for autoradiography as described below.
Autoradiography of the isolated chromosomes following tritium-labeling experiments was carried out as recommended by Gall and Callan.' Effect of Actinomycin D on Chromosomal RNA Synthesis.-In previous experiments on RNA synthesis in lampbrush chromosomes,' the isotopic precursor was injected into the whole animal. We have studied the process in isolated oocytes, incubating them in vitro in the presence of tritiated uridine, cytidine, or adenosine, and then measuring the uptake in the isolated chromosomes by autoradiography.
These RNA precursors are readily incorporated in the in vitro system; increasing amounts of tritium are found in the chromosomes at 1.5, 3, and 6 hr incubation. Both the loops and the main chromosomal axis are labeled and grains are also observed over the nucleoli. In some chromosomal preparations, labeling is very intense along the main chromosomal axis, as shown in Figure 2 . Virtually all of the isotope is removed from the loops and the axis by digestion with ribonuclease. DNase has no effect.
When Actinomycin D (Fig. 4A ) is added to the suspension medium, the oocytes lose the ability subsequently to incorporate tritiated uridine into RNA. Preexposure to Actinomycin D (at a concentration of 10 ,jg/ml) for 5 tact odcytes and isolated chromosomes. Free odcytes were exposed to 10 jig Actinomycin D per ml for periods ranging from 2 to 12 hr (an exposure sufficient to block RNA synthesis in the intact cell). The effects on chromosome morphology are striking; the characteristic loops disappear, although the maid chromosomal axis remains intact. Presumably, the disappearance of the loops indicates their retraction into the chromosome. The same effects can be seen in isolated chromosomes. With these, disappearance of the loops on exposure to Actinomycin D is very rapid; within 10 min the loops are gone from chromosomes immersed in Callan's Medium C8 containing 2 ,jg/ml of the antibiotic. Compare the Actinomycin D-treated chromosomes in Figure  3A with the control chromosomes in Figure 1B .
Did this change in chromosomal morphology result simply from the combination between DNA and Actinomycin D, or did it follow as a result of the inhibition of RNA synthesis?
Experiments with a modified actinomycin support the latter interpretation.
The compound used was N-f-aminoethyl Actinomycin C3, which does not effectively inhibit RNA synthesis although it does combine with DNA.22 Its structure is shown in Figure 4B . Lampbrush chromosomes exposed to 2 /Ag/ml of this "inactive" actinomycin did not lose their loops even after 1 or 2 hr incubation, nor was any effect seen at higher concentrations (10 ;Lg/ml). Compare Figure 3 B with Figure 3A .
In one experiment it could be shown that the modified actinomycin did combine with the chromosomal DNA because it protected isolated chromosomes against loop loss on subsequent attack by Actinomycin D. This protective effect is difficult to obtain regularly and has not yet been observed in intact oocytes.
Since it is very likely that DNA binding by the modified Actinomycin C3 does occur,22 it is of interest that RNA synthesis is not inhibited and loop retraction did not occur. When Actinomycin D blocks RNA synthesis, the loops disappear.
The results strongly suggest that the existence of the loops is directly dependent on the continuing function of the chromosome, specifically in regard to RNA synthesis. This viewpoint is supported by three other lines of experimental evidence: (a) Loop formation does not depend on a continuing synthesis of DNA, since these chromosomes are not in the stage of DNA synthesis. (Thus, no incorporation of H3 thymidine into lampbrush chromosomes has been observed, following injection of the whole animal with 300 ,uc of the DNA precursor, even after 5-15 days.) (b) The loops are not affected by other antibiotics, such as puromycin, which specifically block protein synthesis. (c) Other inhibitors of nuclear RNA synthesis, such as the arginine-rich histones, do cause immediate retraction of the loops. The latter two experiments are presented in more detail below.
Effects of Puromycin on Chromosomal Protein Synthesis.-Isolated Triturus o6cytes rapidly incorporate radioactive amino acids into their proteins, and the synthesis of proteins along the chromosomes is evident in autoradiographs. Figure 5A shows tritium labeling of the chromosomes after incubating whole cells for 6 hr at 200 with H3 leucine. Grains are found over the loops and along the main chromosomal axis. As in other systems,23 the uptake of radioactive amino acids into chromosomal proteins is effectively blocked by puromycin (50 Mg/ml). shown previously that the addition of thymus histones to isolated nuclei inhibits RNA synthesis,24. 2 and that histone-DNA complexes fail to act as "primers"f or the RNA-polymerase reaction.3 The total histones of the thymus can be fractionated to yield arginine-rich and lysine-rich components. '7 We have shown that the arginine-rich histones are potent inhibitors of RNA synthesis, while the lysine-rich histones are weakly inhibitory or ineffectual.2 For this reason, the effects of these different histone fractions were compared, observing changes in loop morphology in lampbrush chromosomes. As expected, the arginine-rich histones caused retraction of the loops; within 3 mm all of the loops had disappeared from chromosomes exposed to 0.15 mg argininerich histone per ml (Fig. GA) . The lysine-rich fraction did not effect a comparable change in chromosome morphology. Even after 15 mm, more than half of the loops remain on chromosomes exposed to 0.15 mg lysine-rich histone per ml (Fig. GB) .
In agreement with the earlier finding that polylysine itself is a potent inhibitor of nuclear RNA synthesis,2 both poly-Llysine and poly-D-lysine cause the loops to disappear from isolated chromosomes. Figure GC shows the chromosomes after a 2 mth exposure to 0.15 mg poly-L-lysine per ml.
Ribonuclease also causes the loops to disappear from unfixed chromosomes. The complete correlation between the effects of these inhibitors of RNA synthesis on chromosome structure and the earlier results witthethe actinomycins strongly wsupport the conclusion that the morphology of an active chromosomal site is not only closely related to its functional role in RNA synthesis, but is dependent upoi it.
Although the lampbrush chromosome is an extreme example of chromosomal activity and development (for example, the RNA/DNA ratio is 10 or more, unlike most chromosomes where DNA predominates), one may suggest that the looping out of "primer" DNA, on a smaller scale, is a general phenomenon, and that chromosomal regions active in RNA synthesis may be "puffed" or extended, not only to allow their function, but because of it.
Summary.-Ribonucleic acid synthesis in lampbrush chromosomes occurs on loops which project from the main axis of the chromosome.' These loops contain DNA in addition to RNA. 10 The synthesis of RNA in the chromosome is a DNA-dependent process, as judged by its sensitivity to inhibition by Actinomycin D. Nucleolar RNA synthesis is also blocked by this antibiotic. The addition of Actinomycin D to isolated chromosomes, or to intact oicytes, not only inhibits RNA synthesis, but also leads to a disappearance of the chromosomal loops. A modified Actinomycin C3 (which does not block RNA synthesis) does not cause loop retraction.
Other agents which inhibit nuclear RNA synthesis, such as the arginine-rich histones, also cause the loops to disappear. Inhibitors of protein synthesis, such as puromycin, do not have this effect.
The results suggest that the morphology of an active chromosomal site is not only closely related to its capacity to synthesize RNA, but is dependent upon it. Communicated by E. L. Tatum, February 18, 1963 Cytological and genetic observations on a number of organisms have contributed to formulating the concept of a sequential replication of the chromosome starting from one or more fixed points.1 2 Especially in bacteria, as Maal0e3 pointed out, this possibility found support in a mass of data strongly indicating a definite regularity in the synthesis of DNA. 4 5 Advantage of the bacterial system was taken in the present work which employed two strains of Escherichia coli K-12 Hfr, as well as one of F-, and analyses were made of the problem of molecular synchrony and the sequential replication of the chromosomes. A system has been established for determining the course of change in the number of prophage X per bacterium during a replication cycle of DNA in populations of lysogenic bacteria under conditions of synchronous growth. A substantial amount of evidence indicates that the prophage X is indeed a DNA structure, occupies a definite site on the K-12 linkage map, replicates in harmony with the host chromosome, and can be induced by various agents.6-8 The existence of X as an episome allows us to regard it as a gene on the bacterial chromosome and at the same time provides us with a means of enumerating its intracellular number at any given time. Thus, the kinetics of this measure should directly reflect the pattern of the replication of the host chromosome itself.
Bacterial Strains.-All the bacteria used are derivatives of Escherichia coli K-12 (Table 1) .
Superinfecting phase: Xvlh, a weak virulent and host range mutant of X,9 was kindly provided by Dr. R. K. Appleyard. In contrast to the wild type (v1 +) which forms turbid plaques, the mutant vl gives rise to clear plaques. High titer stocks of this phage were prepared by the method of confluent lysis. l0
Media: (a) M-9 is a minimal salt solution composed of 7.0 g anhydrous Na2HPO4, 3.0 g KHr
